Treatment of isolated rat liver mitochondria with certain tetrachlorobiphenyls (TCBs) resulted in uncoupling of oxidative phosphorylation. In the present study, we examined the effects of chlorosubstituent sites in TCB on the uncoupling action. Furthermore, the mechanism by which effective TCBs induce uncoupling action was explored. 2,3,2,3'-(23-), 2,4,2,4'-(24-), 2,5,2,5'-(25-), and 2,6,2,6'-(26-)TCBs caused uncoupling of oxidative phosphorylation, whereas 3,4,3,4'-(34-)TCB did not. TCBs which were effective in causing uncoupling action contained chlorine atoms at the 2,2'-positions in the biphenyl ring. 2,2'-Chloro substitutions give the molecule a highly angular (non-planar) conformation. On the other hand, 34-TCB, which was ineffective, possesses chlorine atoms at lateral adjacent positions in the biphenyl ring. This substitution pattern allows a coplanar conformation of the molecule. Thus, the conformation of effective TCBs was non-planar, whereas that of ineffective isomers was coplanar. The permeability of mitochondrial membranes to ions was increased by the effective TCBs (23-, 24-, 25-, and 26-TCBs) as evidenced by K and Ca2+-release from mitochondria, which was followed by the dissipation of membrane potential. However, the ineffective TCB (34-TCB) neither increased the ion-permeability nor dissipated the membrane potential. These facts led us to propose to the following uncoupling mechanism; the effective TCBs, when intercalated into the mitochondrial membranes, produce non-specific increases in membrane permeability to ions, which leads to the dissipation of membrane potential. These effects of nonplanar TCBs appear to be different from the mechanism of protonophoric uncouplers in which the dissipation of membrane potential is performed by only H transfer across the mitochondrial membranes.
An uncoupled state can be produced in mitochondria by a rather wide range of chemicals. Although chemically diverse, the uncoupling agents can be classified into two types. A large number of agents, classified as the first type, resemble 2,4-dinitrophenol (DNP) in their action. The unique property is that they specifically induce cyclical transport of protons across the mitochondrial inner membranes through an acid-dissociable group on the molecule. They are thus called classical or protonophoric uncouplers." The second type of uncoupling agents are non-protonophoric uncouplers. Among the most commonly used are valinomycin (active in the presence of K ±), and nigericin (active in combination with valinomycin and K). 21 Most recently, cyanine dye, a hydrophobic cation, has been reported to act as an uncoupler in the presence of inorganic phosphate or arsenate.3) These agents are often called nonclassical or pseudo-uncouplers. 4) The actions of classical and nonclassical uncouplers show similarity in that the membrane potential is collapsed in the former case by the protonophoric activity of the molecule, and in the latter case by specific ion transport.
Polychlorinated biphenyls (PCBs) are persistent organochlorine compounds ubiquitously distributed as environmental pollutants. Because of their lipophilicity, PCBs tend to accumulate in lipid-rich parts of cells, such as biomembranes; intercalation of these compounds into biomembranes causes alterations of membrane-associated functions.5) PCBs consist of 209 possible congeners and isomers whose position and degree of chlorination are different, and evaluation of their effect on human health is dependent on a knowledge of the properties of the individual compounds.
While investigating the toxic effects of tetrachlorobiphenyls (TCBs) on energytransducing functions of mitochondria, we have found that some TCBs uncouple oxidative phosphorylation in rat liver mitochondria. 6 The uncoupling action of a compound is interesting in evaluating its toxicity.7 Since TCBs do not possess an acid-dissociable group within the molecule (essential for protonophoric activity), they are not expected to be protonophores. Therefore, they may uncouple by a different mechanism from that of protonophoric uncouplers. This paper examines the structural requirements for TCB to show uncoupling action. Furthermore, the possible mechanism by which effective TCBs uncouple oxidative phosphorylation is explored in relation to the structural alteration in the lipid bilayer of mitochondrial inner membranes brought about by the incorporation of these TCBs. Materials and Methods Temperature Effects on the Release of K Induced by 25-TCB Figure 7 shows the effects of temperature on the spontaneous and 25-TCB-induced release of K +. The experiment was conducted to obtain data concerning the mode of interaction of 25-TCB with the lipid bilayer of mitochondrial membranes. Below 10 C, 25-TCB (80 pm)-induced K + release was not apparent. Above this temperature, however, the 25-TCB-induced K + release was strongly enhanced with raising temperature. On the other hand, the spontaneous release of K +showed a negligible increase with temperature. The above data indicate that the elevated temperature is required to let the membranes be rendered permeable to K + by the incorporation of 25-TCB. Similar results were obtained with 23-, 24-, and 26-TCBs (data not shown).
Discussion
The present study has shown that TCBs except for 34-TCB uncouple oxidative phosphorylation in rat liver mitochondria. The results demonstrate several important structural characteristics of TCB isomers with respect to their ability to induce uncoupling of oxidative phosphorylation. Namely, certain substituent sites for chlorine atoms in TCB play a key role in evoking uncoupling action. The uncoupling TCBs (23-, 24-, 25-, and 26-TCBs) are those in which chlorine occupies the 2,2' positions of the biphenyl ring. The information obtained by molecular orbital calculations on TCB molecule indicated that the molecule becomes highly angular and rigid as a result of the 2, 2'-chloro substitutions.2°1 Therefore, non-planar structure is required for TCB to induce uncoupling action. Because of their nonplanar character, these agents, when intercalated into the lipid bilayer of inner membranes of mitochondria, increase nonspecific ion-permeability across the inner membranes ( Figs. 4 6) , thereby causing dissipation of membrane potential (Figs. 2 and 3) . On the other hand, 34-TCB did not induce uncoupling action. The 3,4-chloro substitution gives a highly coplanar character to the molecule.201 34-TCB, when intercalated into the lipid bilayer of the inner 
